Abstract. Much if not all of the chlorine present in fossil fuels is released into the atmosphere as hydrogen chloride (HC1) and chloromethane (CH3C1, methyl chloride). The chlorine content of oilbased fuels is so low that these sources can be neglected, but coal combustion provides significant releases. On the basis of national statistics for the quantity and quality of coal burned during 1990 in power and heat generation, industrial conversion and residential and commercial heating, coupled with information on the chlorine contents of coals, a global inventory of national HC1 emissions from this source has been constructed. This was combined with an estimate of the national emissions of HC1 from waste combustion (both large-scale incineration and trash burning) which was based on an estimate of the global quantity released from this source expressed per head of population. Account was taken of reduced emissions where flue gases were processed, for example to remove sulphur dioxide. The HC1 emitted in 1990, comprising 4.6 + 4.3 Tg C1 from fossil fuel and 2 + 1.9 Tg C1 from waste btmmtg, was spatially distributed using available information on point sources such as power generation utilities and population density by default. Also associated with these combustion sources are chloromethane emissions, calculated to be 0.075 q-0.07 Tg as C1 (equivalent) from fossil fuels and 0.032 q-0.023 Tg C1 (equivalent) from waste combustion. These were distributed spatially exactly as the HC1 emissions, and a further 0.007 Tg C1 in chloromethane from industrial process activity was distributed by point sources.
Introduction
To help in the assessment of the global atmospheric chlorine cycle, the Reactive Chlorine Emissions Inventory (RCEI) has been organized within the Global Emissions Inventory Activity (GEIA) of the International Global Atmospheric Chemistry Program [Graedel and Keene, this issue]. The initial task of the RCEI is the development and verification of gridded global emission inventories for species that are important to the tropospheric burden of reactive chlorine or to the rate of chlorine cycling. These include hydrogen chloride (HC1), which has significant sources from sea-salt, biomass burning and fossil fuel combustion, and chloromethane (CH3C1, methyl chloride), for which the predominant sources are ocean and terrestrial biogenic processes, biomass buming, with a minor contribution from exclusively anthropogenic activities.
this issue] the quantity of coal bumed in each location was combined with an emission function, which in this case was related to the quantity of chlorine estimated to be in the original coal, to estimate the hydrogen chloride and chloromethane release at that location.
Similarly, municipal and domestic waste contains chloride and could be expected to yield HC1 and possibly chloromethane on combustion. Since it has not been possible to position municipal waste incinerators in the same way as coal-burning energy generators, the estimated emissions from this source have been distributed geographically on the basis of population.
Finally, there are direct chemical emissions during process operations when the materials are either manufactured or used to produce other materials. In the case of hydrogen chloride these emissions are not thought to be significant to atmospheric chemistry; they are generally strictly controlled because of the noxious nature of the material, and it is only catastrophic loss of containment (beyond the scope of this study) which leads to environmentally important concentrations. On the other hand, chloromethane is emitted from process operations, and an estimate of the magnitude and distribution of these releases is included in this work. The releases estimated from the various sources were combined into the end products: 1 o latitude x 1 o longitude grids of HC1 and chloromethane emissions in 1990. (1) transformation, including public and private generation of electricity, combined heat and power (CHP), and district heating plants; (2) industrial consumption, including iron and steel, nonferrous metals, and eight other categories expected to be largescale combustion processes; and (3) small-scale combustion, categorized separately into agricultural, commerce, residential, and transport.
Global Combustion of Coal
All solid, liquid, and gaseous fuels are tabulated for each country and category, and the coal statistics cover coking, steam, and subbituminous and brown coals. For non-OECD countries the data are presented in a much simpler format in IEA [ 1992b]: power and heat generation, other transformation, iron and steel industry, nonmetallic minerals, residential, and unspecified. The latter list represents the maximum categorization that could be accomplished globally, the usages in the much more detailed description of OECD countries were therefore aggregated to fit the non-OECD categories. In almost all of the non-OECD countries one category of consumption predominated, and so the values "unspecified" were added into that category.
Govemed by the need to differentiate chemical emissions, which were presumed to be dependent on the composition of the coal and the way in which it is bumed, the quantities in the IEA database were combined into broad categories in which the fuels were potentially of the same quality. The chlorine content of coal varies from a few parts per million (ppm) to thousands of ppm [Sloss, 1992] [1985], the largest difference in emissions of HC1 is between hard coals and lignite, the latter releasing 1/100th to !/4 that of the former. Thus in this work the primary subdivision was into hard coals (including coking, steam, and subbituminous coals) and lignite (including brown coal and patent fuels manufactured from it). Quantifies were calculated for consumption in large combustion processes (power and heat generation by utilities and industry) and conversion processes (essentially iron and steel manufacture, together with nonmetallic mineral processing). Small-scale combustion in residential and commercial premises was calculated separately. These categories were also designed to enable geographical discrimination of specific emissions from point sources within a nation, where information on the location of, for example, public electricitygenerating utilities could be obtained.
For the OECD countries the explicit data in IEA [1992a] on the quantites of hard coal and lignite used in each category were combined into the groups described above. For non-OECD countries, where the tabulated information was simply the quantity. of all .types of coal, a more circuitous process had to be used to estimate the qualities of the coals. The IEA database [IEA, 1992b] contains information on the quantities of hard coal and lignite produced by each country, together with statistics for electricity and thermal energy generated and the calorific values of the coals. By comparing the quantity inferred from these additional data with the total quantity of coal consumed, it was possible to identify the dominant quality of the coal used within each country, to which all usage of coal within that country was assigned.
The countries of the former USSR presented a special case; information for the four categories of use, in 1990, was provided only for the USSR as a whole. However, the statistics for power generation from all fuels were tabulated for all 15 of the independent states. Hard coal production statistics are available for seven states, lignite production for four, and energy balances (which included energy used in power generation, industrial applications, and smallscale combustion such as transport, commercial, and residential) for five states, plus the former USSR as a whole. The database also held calorific values of the coals for all 15 states, plus the average for the USSR. By assuming that missing values defaulted to the mean, it was possible to reconstruct the categorized coal consumption for all 15 independent states. The results of these calculations, for all countries that have significant coal usage, are shown in Table 1 . The remaining nations of the world either have no significant coal consumption or no significant energy use and are not considered further in this work. While it is not possible to assign rigorous uncertainty to these data, observations on the qualities of individual national statistics were included in the lEA tabulations. These show that the data with lowest uncertainty are those from the OECD tables, followed by those from the non-OECD tabulation and then those from centrally planned econoroes. The information is useful only in a qualitative sense, and an independent check on the data was sought.
Verification
The database developed here was compared with two other databases, apparently independent: (1) UN [ 1995] , which contains a listing of the aggregate amounts of coal used in many of the nations under consideration; and (2) the national carbon dioxide emissions in the data compendium of the Carbon Dioxide Information Analysis Center (CDIAC) [Marland and Boden, 1993] . Using this relationship to estimate national carbon dioxide emissions from coal combustion, the data in this work compares very favorably with that for CO2 from solids in the CDIAC compilation [Marland and Boden, 1993] , as shown in Figure 3 . There is a good fit over the 61 data points (R 2 is 0.996), and the CDIAC estimate is consistently 6% greater than that developed here, with the variability for an individual nation between the two data sets being approximately +20% of scale. The fact that both databases show similar emissions of carbon dioxide may simply indicate that they both rely on the same basic information. Nevertheless, the fact that the data in the CDIAC compilation can be substantially reconstructed from those here shows that not only are the national coal usages consistent with other information but also the split between different grades of coal (with widely varying calorific values) must be reliable. In one Australian study, the proportion of chlorine released from brown coal was shown to fall as the chlorine content of the coal increased [Black and FitzgeraM, 1986] . However, as a general rule it seems that most of the chlorine is actually released from burning coal and is emitted as hydrogen chloride; Iapalucci et al. [1969] estimated 94% emission and Sloss [1992] reported 99%. In this work it has •en assumed that unless the flue gas is treated to remove ionic species, all of the chlorine contained in coal is emitted to the atmosphere as chloride ion (either on particulate material or as hydrogen chloride) or as chloromethane. The error that the assumption of total emission introduces is small compared to the uncertainties in the estimates of the chlorine contents of coal consumed.
Chlorine Contents of Coals and Emission
Within a particular coalfield, deeper mined coal may have a higher chlorine content than shallow-mined material, but there does not seem to be a generally applicable correlation between type of hard coal and chlorine content; and the variation with depth has been assigned to local variation in the chloride content of the groundwater (the chloride concentration generally increases with depth below ground level) [Sloss, 1992] . According to Hodges et al. [ 1983 ] there are three principal forms of chlorine in coal: chloride ions dissolved in water in the coal matrix, solid inorganic chlorides, and organochlorine compounds in which the chlorine is chemically bonded to carbon. All are presumed to be released when the coal is bumed, but the variation between the three types of chlorine, between coal measures and locally within each coalfield, precludes generalizations about chlorine content. hard coal and lignite in eastern Europe (0.24% and 0.01%, respectively) and in the rest of the world (0.12% and 0.05%). These were used to calculate emissions from countries for which there were no specific data on coal chlorine contents. The complete list is shown in Table 1 .
HCI Emissions
In calculating the mass fluxes of emissions, no account was taken of any dependency on combustion process, although there is some evidence that hydrogen chloride emissions change with the type of furnace; residential boilers have been shown, in some cases, to release 3 times as much chloride from anthracite as industrial furnaces and 25 times as much from lignite [Misenheimer et al.; . It is possible that this difference was due to the form. in which the chloride was released, particulate versus hydrogen chloride, and the present work does not discriminate between these. Consequently, the maximum case was assumed in which all of the chlorine is released, 98.4% as HC1 and 1.6% as chloromethane.
Allowance was made, however, for flue gas desulphurization (FGD). In electricity utilities this has been shown to reduce atmospheric chloride emissions substantially (by 90% or more IMco' and Anderliesten, 1989]). FGD plants generally convert sulphur dioxide into calcium sulphate using lime or limestone [Maibodi, 1991] , so most of the chloride is sequestered into the aqueous effluent stream as CaC12.xH20 in wet processes and into the precipitated dust as CaC12 in dry processes [Hammerschmid et al., 1990] . From a number of original references, Sloss [1992] lists the FGD capacity in the late 1980s in a number of countries. The chloride emission from electricity utilities in these countries was reduced pro rata to the fraction that this capacity represented of the total generating capacity, as reported in IEA [1992a]. The reduction factors are given in Table 1 .
Chloromethane Emissions
While most of the chlorine content of burning coal is emitted as chloride ion in one or another form, a small fraction is converted into ehloromethane and released as such. M.A.K. Khalil (personal communication, 1997)has analyzed emissions from burning Chinese and U.S. coals and found significant differences in emission rates expressed relative to CO 2 (2.2 x 10 '6 and 4.6 x 10 .6 g/g CO 2, respectively). However, the carbon content of coal, and hence CO 2 emitted, d•ds on calorifie value as described in equation (1). U.S. coal has a higher average ealorifie value and a higher typical chlorine content, and so when the average results are adjusted for these, the emission functions become closer at 1.9 x 10 '2 g/g C1 for China and 2.6 x 10 '2 g/g for the United States. An average of 2.3 x 10 '2 g ehloromethane/g C1 was used to estimate national emissions from coal combustion; this is equivalent to 1.6% of the chlorine in coal being liberated as chlorine in ehloromethane. Since there is no evidence that flue gas desulphurization affects other than ionic species, the ehloromethane emissions were not adjusted for FGD processing. The values shown in Table 1 This is probably a high estimate; in a survey conducted in India, only 15% of the vegetable waste, 11% of paper waste, and 5% of plastic waste was burned by the first generators of the waste [Chapman et al., 1997]; 74% of the vegetable waste was composted or reused, and 83% of paper and 89% of plastics in the waste were reused. In addition, trials of combustion of household waste in barrels (apparently a common method of disposal used in rural areas of the United States) showed that very little of the chlorine in PVC was liberated as HC1 at this scale of burning [Lemieux, 1997] . Liberation of chlorine, in all forms, into the atmosphere was 6% in one trial and 13% in another. However, these observations may not reflect the situation in the majority of countries, and so to calculate emission functions, the global release of chlorine (as HC1 and chloromethane) from waste combustion was set at 2 Tg yr -1.
In developing the estimate of the spatial distribution of HC1 releases, allowance was made for flue gas treatment on incineration units, which may significantly reduce hydrogen chloride emissions from the point source [Lightowlets and Cape, 1988] . Although such reductions do not actually apply to the uncontrolled and local trash burning which has been assumed to be practiced along with controlled incinerafion, the national hydrogen chloride emissions from all waste combustion were reduced pro rata to the extent of flue gas treatment on controlled plants. The reduction in emission resulting from this assumption is consistent with the expectation that a state that encourages the cleaning of incinerator gases would also discourage uncontrolled trash burning.
To minimize costs, municipal incinerators tend to be sited close to the centers of population that they service; for example, those in the United Kingdom are located in London and the industrial regions Table 1 . The emissions were geographically distributed within each country using the population distribution of Li [1996] and, for each grid square, were added to the emissions from coal combustion.
As described above, some of the chlorine in coal is emitted as chloromethane during combustion, and it is to be expected that some of the chlorine in municipal waste would follow the same chemical pathway. The same emission function has been used in both cases, and so the chlorine content of ehloromethane releases was calculated as 1.6% of the sum of the chlorine present in coal and the chlorine present in domesfie and municipal waste in each country. The region covered, contributor, and information included are listed in Table 2 . Most information included location, generating capacity, SO2 emissions, NOx emissions, and other plant information; however, some comprised only plant information and location.
Distribution of Coal Combustion Emissions
Where data on emissions were included, the values were used as surrogates to distribute the country total HC1 and CH3C1 emissions due to power and heat generation. The fractional contribution of each point source to the country SO2 or NOx emissions was used to distribute national HCI and CHIC1 emissions, which were assigned to the grid location of each point source, In eases where no suitable surrogate parameter was available, country emissions due to power and heat generation were divided evenly between all the point sources listed for that country. S.l.1. Eastern Europe, Former USSR (FSU), South Africa, and Australia. For the power plants in Australia and South Africa, SO2 emissions were used as the surrogate to allocate HC1 and CHIC1 emissions. For eastern Europe and the former USSR countries, industry codes were used to select only power plants and NOx emissions were used as the surrogate. For the former USSR each power plant was allocated to the appropriate independent state to match the allocation of the coal consumption data [IEA, 1992b] . No point sources were listed for Georgia, Kyrgyzstan, Moldavia, and Tajildstan, and coal in Latvia was consumed in processes other than power and heat generation. 5.1.2. Western Em'ope. Because of confidentiality restrictions, the European "CORINAI2R" data do not list individual power plants but 
Access to Data
The inventory grids generated from this work are available online from the OEIA website at http://groundhog.sprl.umieh.edu/geia/reei. It is planned to update these inventories as new information becomes available.
